Purpose-To analyze the effects of Pax6 overexpression and its interaction with genetic background on eye development.
The extra copies of PAX6 can compensate for the Pax6 deficiencies in both Pax6 −/− and Pax6 +/− mice. On a wild-type Pax6 +/+ genetic background, however, this overexpression of Pax6 in PAX77 +/− mice results in eye abnormalities, which overlap with those seen in Pax6 +/− mice. These hemizygous PAX77 +/− Pax6 +/+ mice often had microphthalmia, small corneas; flat irides; abnormal, small or absent ciliary bodies; small abnormal lenses; and abnormal photoreceptors, but the phenotype was variable.
Pax6 has multiple pleiotropic roles in cell proliferation, migration, adhesion, and signaling25 and may act cell-autonomously or nonautonomously. Experimental studies have identified several primary cell-autonomous roles for Pax6 that underlie the eye abnormalities in homozygous Pax6 −/− mice.6,26-30 Some of the eye abnormalities in heterozygous Pax6 +/− mice are caused by nonautonomous effects and may be secondary to primary affects of low Pax6 in the surface ectoderm and lens.14,15 Nonautonomous effects probably also underlie some of the defects caused by abnormal migration of neural crest cells18 but cellautonomous effects may also be involved because Pax6 appears to be expressed transiently in the corneal stroma,17 and chimera experiments indicate that Pax6 acts cell-autonomously in this tissue. 28 Analysis of mouse chimeras has been used successfully to distinguish between the cellautonomous and nonautonomous effects of Pax6 −/− and Pax6 +/− genotypes on eye development.14,26-28 One important observation to emerge from studies of Pax6 +/− ↔wild-type chimeras was that Pax6 +/− cells were excluded from the lens epithelium of Pax6 +/− ↔wild-type chimeras by embryonic day (E)16.5. Although Pax6 +/− cells contributed to tissues of the anterior segment, the chimeras did not show iris hypoplasia or other anterior segment abnormalities that occur in nonchimeric Pax6 +/− mice. This exclusion of Pax6 +/− cells from the lens epithelium is interpreted as a cell-autonomous effect, and it produces an almost entirely wild-type lens. It was further proposed that the largely wild-type lens cells exerted a nonautonomous effect on the anterior segment and prevented the formation of anterior segment abnormalities.14 One of the purposes of this study was to determine whether PAX77 +/− cells are similarly excluded from the lens.
In the present study, we first examined the range of eye abnormalities caused by the PAX77 +/− genotype on different genetic backgrounds. We then analyzed fetal PAX77 +/− ↔wild-type chimeras to investigate the underlying developmental causes of these eye abnormalities and distinguish between cell-autonomous and nonautonomous effects of elevated Pax6 expression in the eye. The use of these chimeras to demonstrate a cellautonomous effect of increased Pax6 expression in the neurocortex has been reported elsewhere. 31 Both low levels of Pax6 in Pax6 +/− heterozygotes and high levels in PAX77 +/− transgenics cause lens abnormalities, and so we specifically wanted to use chimeras to test the hypothesis that PAX77 +/− cells would be depleted or excluded from the lens epithelium, like Pax6 +/− cells in our Pax6 +/− ↔wild-type chimeras.
Materials and Methods

Mice
Transgenic PAX77 mice on an outbred CD1 background were a kind gift from Veronica van Heyningen (MRC Human Genetics Unit, Edinburgh) and were produced in her laboratory. 24 The PAX77 transgene was maintained on an outbred albino CD1A background (homozygous Gpi1 a/a , CD1 strain) and also crossed to inbred CBA/Ca mice. Outbred CD1 and inbred CBA/Ca, BALB/c, and A/J strain mice were obtained from Bantin & Kingman (Aldbrough, UK) and Harlan Olac (Bicester, UK). The mice were bred and maintained in the Medical Faculty Animal Area at the University of Edinburgh. Animal work was performed in accordance with U.K. institutional guidelines, Home Office regulations, and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Chimera Production
Two series of E16.5 chimeric fetuses (series SCA and SCB) were generated by aggregation of eight-cell-stage embryos, as described previously,32 based on the original method of Tarkowski.33 One of each pair of aggregated embryos was hemizygous (Tg +/− ) for the TgN(Hbb-b1) reiterated β-globin transgenic sequence that can be identified by DNA in situ hybridization on histologic sections and acts as a lineage marker.34, 35 The aggregated embryos also differed at the albino locus (Tyr) and for Gpi1, encoding glucose phosphate isomerase. Each series produced PAX77 +/− ↔wild-type (PAX77 −/− ) experimental chimeras and wild-type (PAX77 −/− )↔wild-type (PAX77 −/− ) control chimeras. The genotype combinations for the experimental chimeras were PAX77 +/− , Gpi1 a/a , Tyr c/c , Tg −/− ↔PAX77 −/− , Gpi1 b/b , Tyr +/+ , and Tg +/− in series SCA and PAX77 +/− , Gpi1 b/b , Tyr +/+ , Tg +/− ↔PAX77 −/− , Gpi1 a/a , Tyr c/c , and Tg −/− in series SCB.
For series SCA, crosses between CD1A females and CD1A-PAX77 +/− males produced PAX77 +/− and PAX77 −/− eight-cell stage embryos, all of which were Gpi1 a/a , Tyr c/c , and Tg −/− . These embryos were aggregated to PAX77 −/− , Gpi1 b/b , Tyr +/+ , and Tg +/− eight-cell embryos produced from crosses between (C57BL/6 × CBA/Ca)F1 females (Gpi1 b/b , Tyr +/+ , and Tg +/+ ) and males from stock BTC that were Gpi1 b/b , pigmented (Tyr +/+ ), and homozygous for the transgenic lineage marker (Tg +/+ ) on a largely (C57BL/6 × CBA/Ca)F1 genetic background. In PAX77 +/− ↔wild-type experimental chimeras from series SCA, the transgenic lineage marker was carried by the wild-type embryo.
The PAX77 +/− transgene was backcrossed for five generations onto the CBA/Ca inbred strain to produce series SCB chimeras. In this series, the embryos from the PAX77 +/− × PAX77 −/− cross were positively labeled with the β-globin marker transgene. For series SCB, eight-cell embryos were obtained from crosses between CBA-PAX77 +/− females and BTC males to produce PAX77 +/− and PAX77 −/− embryos, all of which were Gpi1 b/b , Tyr +/+ , and Tg +/− . These embryos were aggregated to PAX77 −/− , Gpi1 +/+ , Tyr c/c , and Tg −/− embryos produced from intercrosses between (BALB/c × A/J)F1 females and (BALB/c × A/J)F1 males.
For each series, chimeras were produced as described previously,32 except that embryos were cultured in either M1636 or KSOM37,38 culture medium and handled in either M239 or KSOM-H40 handling medium. Females were superovulated and mated to appropriate males. Eight-cell stage embryos were collected, denuded of their zonae pellucidae, and aggregated in the combinations described herein. After overnight culture, the E3.5 aggregated embryos were surgically transferred to the uteri of E2.5 pseudopregnant Gpi1 c/c females (hybrid stock CF132) and recovered at E16.5 (which was timed with respect to the recipient female).
Analysis of Chimeras
The recipient females were killed at E16.5, and the fetuses were dissected into cold PBS. GPI1 electrophoresis was performed on limb and tail tissue, and scanning densitometry was used to estimate the global chimeric composition as percentage of GPI1-A and percentage of GPI1-B, as described previously.32 Any maternal contamination would have been represented as a GPI1-C band, which was excluded from the analysis. Heads were fixed and embedded in paraffin wax for analysis of the compositions of specific eye tissues by DNA-DNA in situ hybridization to detect the β-globin transgenic lineage marker. 35 The fetal torsos were digested to obtain DNA for PCR genotyping to distinguish between control For DNA-DNA in situ hybridization, fetal heads were sectioned coronally at 7 μm and mounted on slides coated with 3-aminopropyltriethoxysilane (Sigma-Aldrich, Poole, UK) and subjected to in situ hybridization with a digoxigenin labeled probe for the β-globin transgene, as described previously35 with the amendment that, after dewaxing, the slides were placed in 10 mM sodium citrate and microwaved at full power four times for 5 minutes each before being allowed to cool for 30 minutes. Hybridized probe was detected by diaminobenzidine (DAB) staining for peroxidase labeled antibody (polyclonal sheep antidigoxigenin Fab fragments conjugated to horseradish peroxidase; Roche, Welwyn Garden City, UK). The slides were counterstained with hematoxylin, and the percentage of transgene-positive cells in each of the selected tissues was estimated in the chimeric embryo heads by counting nuclei with and without a hybridization signal under phase contrast light microscopy. Typically between 200 and 500 nuclei were scored as Tg-positive or -negative. Not all Tg +/− nuclei produce the expected hybridization signal, because only part of the nucleus may be included in the section.35 Consequently, the percentage Tg-positive cells was corrected with a tissue-specific correction factor determined by the percentage of Tgpositive cells present in eye tissues of E16.5 Tg +/− -positive control fetuses from (C57BL/6 × CBA/Ca) × BTC crosses.
For PAX77 +/− ↔wild-type experimental chimeras in series SCA the global PAX77 +/− contribution was estimated as the percentage GPI1-A, and the PAX77 +/− contributions to specific eye tissues were estimated from the corrected percentage of Tg-negative cells (or uncorrected percentage of albino cells for the RPE). Contributions to specific tissues were evaluated by comparing the corrected percentage Tg-negative/GPI1-A ratios (observed/ expected ratios) for experimental and control chimeras. Underrepresentation of PAX77 +/− cells in specific tissue would produce a significantly lower observed/expected ratio in experimental chimeras than control chimeras. For PAX77 +/− ↔wild-type experimental chimeras in series SCB the global PAX77 +/− contribution was estimated as percentage of GPI1-B and the PAX77 +/− contributions to specific eye tissues were estimated from the corrected percentage of Tg-positive cells (or uncorrected percentage of pigmented cells in the RPE). For this series of chimeras, underrepresentation of PAX77 +/− cells in a specific tissue would produce a significantly lower corrected percentage Tg-positive/GPI1-B ratio (observed/expected ratio) in experimental chimeras than control chimeras.
Histology
Twelve-week-old mice were killed by cervical dislocation and the eyes were removed, weighed, and fixed in Bouin's solution overnight at 4°C. After fixation, the lens was removed from most eyes via a hole cut in the posterior to facilitate sectioning. (If left intact, the brittle lenses often shatter during sectioning, and fragments can obscure other tissues.) The eyes were dehydrated in alcohols and embedded in paraffin wax and 7-μm microtome sections were cut along the anterior-posterior axis. Fetuses were decapitated, and heads were fixed in 3:1 ethanol/acetic acid overnight at 4°C, dehydrated, and embedded in paraffin wax, and 7-μm coronal sections were cut. Sections were mounted onto slides and stained with hematoxylin and eosin according to standard histologic procedures. For PAS staining, the slides were treated with periodic acid and then stained with Schiff's reagent.
Immunohistochemistry
Embryos were fixed in 4% wt/vol paraformaldehyde, dehydrated, and embedded in paraffin wax. The 7-μm sections were dewaxed and rehydrated. Antigen retrieval and immunohistochemistry was performed simultaneously on control and transgenic sections as 
PAX77 Genotyping by PCR Analysis of Genomic DNA
PCR was performed on genomic DNA from digested mouse tail tips or fetal torsos. Tissues were digested overnight at 55°C in 1× digestion buffer (10 mM Tris [pH 7.8], 50 mM KCl, 5 mM MgCl 2 , 0.45% Igepal, 0.45% Tween-20, and 0.1 mg/mL gelatin) with 0.6 mg/mL freshly prepared proteinase K added. The following day, the proteinase K was inactivated by heating the tubes at 100°C for 5 to 10 minutes. The tubes were then briefly centrifuged at 12,000g to pellet precipitates, and the solution was removed to a fresh tube. Genomic DNA was stored at −20°C until required.
Two separate pairs of primers were used to amplify a 282-bp region of transgenic human PAX6 and a 398-bp region of mouse Pax6 which can be resolved using agarose gel electrophoresis. The sequences of the primers used to amplify the mouse PAX6 region were 5′-GAGGGTTTCCTGGATCTGG-3′ and 5′-CGCAAATACACCTTTGCTCA-3′ for the forward and reverse primers, respectively. The sequences of the primers used to amplify the human PAX6 transgene were 5′-CACGGTTTACTGGGTCTGG-3′ and 5′-CCGTGTGCCTCAACCGTA-3′ for the forward and reverse primers, respectively. of mice carrying the PAX77 transgene, whereas only the mouse Pax6 fragment was amplified from wild-type mice and control chimeras.
Results
Reduced Eye Size Caused by Interactions between Genetic Background and PAX77 Genotype
Microphthalmia was the most noticeable external phenotype in our founder PAX77 +/− transgenic mice, and this characteristic was retained when PAX77 +/− was maintained on a similar outbred CD1 genetic background. Overall, 4/29 (14%) of these CD1-PAX77 +/− mice, whose genotype was confirmed by PCR, were anophthalmic and the others were all severely microphthalmic. On this genetic background, the wet mass of PAX77 +/− eyes ranged from 1.2 to 11.3 mg. Figure 1A shows that the mean mass was reduced to only 22% of the wild-type mean at 12 weeks-a highly significant difference.
CD1-PAX77 +/− males were crossed to inbred CBA/Ca females to produce (CBA/Ca × CD1)F1-PAX77 +/− (hereafter abbreviated to F1-PAX77 +/− ) mice. On this F1 hybrid genetic background, there was no significant difference in eye size and the mean mass of PAX77 +/− eyes was 95% of the wild-type mean. The eye size was reduced after further backcrosses to inbred CBA/Ca mice to produce partially congenic CBA-PAX77 +/− mice, and by the fifthgeneration (N5) the mean mass of PAX77 +/− eyes was significantly reduced to 60% of the wild-type mean (Fig. 1A) . Thus, both the penetrance and expressivity of the PAX77 +/− microphthalmia phenotype was dependent on genetic background; the expressivity differed on CBA and CD1 genetic backgrounds and on an F1 genetic background the phenotype was rarely penetrant. (The overlap between F1 and F1-PAX77 +/− eye sizes was demonstrated by the observation that at 12 weeks, 38 of 43 F1-PAX77 +/− eyes were heavier than the lightest wild-type F1 eye, and 19 of 43 F1-PAX77 +/− eyes exceeded the wild-type F1 median eye mass.) Analysis of variance showed a highly significant interaction between genotype and genetic background for the mean eye mass of each mouse (P < 0.001), confirming that the effect of the PAX77 +/− genotype depends on the genetic background.
The wet mass of the CBA-PAX77 +/− eyes ranged from 5.0 to 31.4 mg and varied not only among mice, but also between eyes in individual mice (Fig. 1B) . The percentage coefficient of variation of eye mass was below 20% for all three groups of wild-type mice (7.2%, 10.5%, and 4.4% for CD1, F1, and CBA genetic backgrounds, respectively) but was higher in CBA-PAX77 +/− (48.2%) and CD1-PAX77 +/− (39.6%) than in F1-PAX77 +/− (18.28%) mice. The within-mouse differences in wet mass between left and right eyes (Fig. 1B) were consistently low in wild-type mice on all three genetic backgrounds and F1-PAX77 +/− mice but statistically significant for CD1-and CBA-PAX77 +/− mice. Neither the left nor the right eyes were consistently heavier. The differences between eyes were greater for CBA-PAX77 +/− than CD1-PAX77 +/− , but this is partly because CD1-PAX77 +/− eyes were much smaller and partly because mice with no eyes or eyes that were too small to weigh were excluded so the CD1-PAX77 +/− variation is underestimated. The percentage difference provides a relative measure of variation that is less affected by differences in overall mean eyemass ( Fig. 1C ) and this shows larger percentage differences between left and right eyes in CBA-PAX77 +/− and CD1-PAX77 +/− than in F1-PAX77 +/− mice.
Histologic Evaluation of Genetic Background Effects on Adult PAX77 +/− Eye Abnormalities
Figures 2A-D show representative normal histologic features in adult wild-type CBA mouse eyes. Histologic examination of the lens and the vitreous was not performed because the lenses were removed from all the wild-type eyes (see the Materials and Methods section). Histologic features were entirely normal in wild-type eyes on all three genetic backgrounds except that outbred CD1 mice are albino (Tyr c/c ) and some CD1 eyes had no outer nuclear layer in the neural retina. The latter abnormality is characteristic of mice homozygous for the common Pde6b rd1 allele, which causes retinal degeneration. This allele is absent from the inbred CBA/Ca strain that we used and the histology of the outer nuclear layer was entirely normal. The major effects of the genetic background on the range of PAX77 +/− morphologic abnormalities are summarized in Table 1 and are described in the following sections.
F1-PAX77 +/− mice, whose genotype was verified by PCR, displayed a less severe eye phenotype than CD1-PAX77 +/− or CBA-PAX77 +/− mice. Histologic analysis of 14 F1-PAX77 +/− eyes, mostly with lenses removed, revealed several consistent abnormalities that were absent from wild-type F1 littermates. F1-PAX77 +/− eyes had smaller corneas than normal (Figs. 2A, 2E) but there were no other obvious corneal abnormalities (Fig. 2G ). The iris contained cystlike structures (11/14 cases), and the ciliary body was disorganized and small compared with that in their wild-type littermates (Fig. 2F ). The retinal pigmented epithelium (RPE) appeared normal, but the neural retina was sometimes disorganized, particularly in the outer nuclear layer (ONL); Figure 2H shows a minor abnormality. 2J ) and the ciliary bodies were either absent or disorganized and small (Fig. 2J) . The retina appeared thinner (6/8 eyes) and the inner and outer nuclear layers were disorganized (4/8 eyes) and often contained rosettes (Fig. 2L ). Lenses were left in situ in some (3/8 eyes) CBA-PAX77 +/− eyes to allow histologic examination. Lenses were small relative to the size of the eyes, and all contained cataracts. The anterior chamber and the vitreous usually contained eosinophilic material (7/8 eyes; Fig. 2L ).
Inspection of the intact CD1-PAX77 +/− eyes with a dissecting microscope showed that they all had lens opacities (cataracts). Histologic analysis of 13 CD1-PAX77 +/− eyes revealed a more severe phenotype than either CBA-PAX77 +/− or F1-PAX77 +/− eyes (Table 1) , which included severe microphthalmia and significant morphologic abnormalities in several eye tissues (Figs. 2M-T). Corneal diameters were small but not disproportionately so in the smallest CD1-PAX77 +/− eyes. In all CD1-PAX77 +/− eyes, the iris was malformed, thicker than both wild-type and CBA-PAX77 +/− irides, and displayed adhesions and sometimes cystlike cavities (7/13; Fig. 2N ). The ciliary bodies were disorganized in all eyes, and some had a persistent pupillary membrane (Figs. 2O, 2Q, 2R). CD1-PAX77 +/− lenses, left in situ for histology, were small and often vacuolated (Fig. 2S) , and the lens capsule, demonstrated by PAS staining, was thickened, wrinkled (6/13), and adherent to the adjacent tissues (Fig.  2R) . Densely packed cells with epithelial morphology formed multiple layers beneath the capsule in all CD1-PAX77 +/− eyes examined (implying subcapsular epithelial cell proliferation; Fig. 2Q ) and were also sometimes seen between differentiated lens fibers. Retinas showed several abnormalities (Figs. 2P, 2S, 2T); most were dysplastic (10/13) and contained rosettes (7/13), and some were folded (4/13) and/or adherent to the lens capsule (10/13), but they were still arranged in recognizable layers. Occasional absence of the outer nuclear layer was attributed to homozygosity for a retinal degeneration allele (e.g., Pde6b rd1 ) rather the PAX77 genotype, because it also occurred in some control, wild-type CD1
animals. Sometimes the vitreous cavity was not detectable (3/13), as the retina adhered to the entire posterior lens capsule (Fig. 2M ). In one of these eyes, the anterior chamber was Europe PMC Funders Author Manuscripts also absent, because the iris was adherent to the cornea and anterior lens capsule. Less frequently, some CD1-PAX77 +/− eyes contained an ectopic ball of retinal cells, possibly retinal ganglion cells, between the retina and lens (Fig. 2T) . The anterior chamber and the vitreous often contained eosinophilic material (Figs. 2N, 2O ) similar to that seen in CBA-PAX77 +/− eyes.
Genetic Background Effects on Fetal PAX77 +/− Eye Abnormalities
Eye histology was examined in coronal sections of the heads of E16.5 fetuses on the two most extreme genetic backgrounds (CD1 and F1) to compare wild-type CD1 (n = 6; Figs. 3A, 3B), wild-type F1 (n = 6; Fig. 3C ), CD1-PAX77 +/− (n = 8; Figs. 3D-F), and F1-PAX77 +/− (n = 6; Figs. 3G-I) eyes. Although the anterior segment appeared similar in wildtype embryos on both genetic backgrounds, the vitreous showed some differences. In the E16.5 wild-type F1 mice, most of the hyaloid system had disappeared from the vitreous, and the blood vessels were mainly located on the surface of the lens and on the inner surface of the retina, but persistent small clumps of cells were detected in some wild-type CD1 eyes (4/6 eyes; Fig. 3B ).
Although the size of the PAX77 +/− eyes and lens was not markedly affected at E16.5, comparison of CD1-PAX77 +/− and F1-PAX77 +/− fetal eyes showed that genetic background differences were already apparent by this stage of development. Lens vacuoles occurred in some of the eyes on both backgrounds (8/14) . In the F1-PAX77 +/− eyes, the vitreous appeared normal, but the neuroblastic layers were slightly disorganized in two of six eyes, and ingression of RPE cells was observed in the optic nerve sheath at the optic disc in some (3/6), whereas the other eyes showed a sharp boundary between the RPE and the optic nerve at the disc. Pigment cells were detected further proximally in the optic nerve sheath in one F1-PAX77 +/− eye (Figs. 3H, 3I ). Neural retinal and vitreous abnormalities were more prominent in the CD1-PAX77 +/− eyes but RPE abnormalities were difficult to see on an albino CD1 background. Most strikingly, CD1-PAX77 +/− eyes showed various degrees of retinal folding (4/8). These folds were not restricted to any portion of the retina and could be observed along the dorsal, ventral, and nasal axes (Figs. 3D, 3E ). Sometimes a retinal fold was in contact with the posterior surface of the lens. The posterior lens cells were epitheliallike, suggesting that they may have been displaced from their normal anterior location. Furthermore, the CD1-PAX77 +/− eyes sometimes contained a clump of retinal cells posterior to the lens (3/8 cases; Fig. 3F ) similar to that seen in some adult PAX77 +/− eyes. In some (3/8) of the CD1-PAX77 +/− eyes, the anterior chamber angle was obstructed with cells, but this was not seen in F1-PAX77 +/− eyes.
Pax6 Expression in PAX77 +/− Eyes
Previous studies have shown that Pax6 expression is increased in PAX77 +/− transgenic mice on a CD1 genetic background.24,31 Immunohistochemical staining suggested that Pax6 protein levels were also elevated in PAX77 +/− fetal eye tissues on a CBA/Ca inbred background (Figs. 4A, 4B ). For example, Pax6 staining was stronger in the proximal RPE of E14.5 PAX77 +/− eyes than in wild-type eyes, where it is downregulated.5
It was possible that the variation in severity of the PAX77 eye phenotype may reflect differences in levels of PAX6 over-expression in ocular tissues among the mice on different genetic backgrounds. Initial investigation by Western blot on fetal eyes did not reveal clear differences in Pax6 expression between PAX77 +/− mice and wild-types on any genetic background (data not shown). This is presumably because the transgenic eyes have proportionately less Pax6-expressing tissue (smaller lens and smaller thinner retina) and this would offset any increase in Pax6 level per cell in those tissues. Pax6 immunostaining levels in the E14.5 lens epithelium were therefore compared by using a modification of the semiquantitative method described by Song et al. 41 (see the Materials and Methods section), with AP2α expression used as an internal control. This analysis is presented in Figures 4C and 4D and more fully in Supplementary Table S1 , and shows that for all three genetic backgrounds Pax6/PAX6 levels in the PAX77 +/− mice were slightly (20%-29%) but significantly higher than in the wild-types. Although the severities of the abnormal PAX77 phenotypes on different genetic backgrounds increased in the rank order F1 < CBA/Ca < CD1, the rank order for normalized Pax6 staining levels in PAX77 lenses was F1 < CD1 < CBA/Ca. There was no significant difference in Pax6 protein levels between CD1-PAX77 +/− and F1-PAX77 +/− lenses (t-test: P = 0.43, n = 8), which represent the two extremes of the PAX77 eye phenotypes. Analysis of variance confirmed that the normalized Pax6/PAX6 levels were significantly higher in PAX77 than wild-type lenses (P < 0.0001) but, in contrast to the results for eye mass (discussed earlier), there was no significant interaction between genotype and genetic background for Pax6 staining (P = 0.53). These results do not support the hypothesis that the more severe eye abnormalities in CD1-PAX77 +/− eyes reflect higher Pax6 protein levels than in F1-PAX77 +/− or CBA-PAX77 +/− eyes. Fetal experimental PAX77 +/− ↔wild-type chimeric eyes displayed a few morphologic abnormalities, some of which were similar to those seen in E16.5 PAX77 +/− transgenic fetuses. No gross abnormalities were seen in the cornea, lens, or nasal epithelium but retinal abnormalities occurred relatively frequently ( Table 2 ). The frequency of abnormalities correlated significantly with the global composition of the chimeras (P = 0.032 by Kendall's correlation), such that chimeras with high overall proportions of PAX77 +/− cells tended to have more abnormalities (Table 2) .
Morphologic Abnormalities in Fetal
Retinal Dysgenesis in Fetal PAX77 +/− ↔Wild-Type Chimeras
Nine of the 16 eyes from the experimental chimeras displayed retinal dysgenesis in the form of large retinal folds similar to those in E16.5 PAX77 +/− nonchimeric fetuses. These retinal overgrowths occurred only in chimeras with >40% PAX77 +/− cells overall (Table 2) and were restricted to the nasal side of the retina. Spatial analysis of the distribution of wild-type and PAX77 +/− cells in the dysmorphic retinas suggests both cell-autonomous effects and nonautonomous effects are involved. In some cases, the folds were composed either entirely of PAX77 +/− or entirely of wild-type cells but in other cases the folds contained patches of both PAX77 +/− and wild-type cells (Fig. 5A-C) . The presence of both cell types in the folds suggests that this is a non-cell-autonomous defect resulting from Pax6 overexpression or a secondary defect caused by some other affected tissue.
In some cases clusters of wild-type or PAX77 +/− cells were organized into small vesicles or nests of cells of the same genotype. Figure 5D shows a small vesicle of wild-type (Tg +/− ) cells within a PAX77 +/− domain in the retina. One possibility is that overexpression of Pax6 in PAX77 +/− cells causes a cell-autonomous effect on expression of cell surface adhesion molecules. This could cause reduced cell mixing, resulting in the formation of coherent clones of daughter cells and/or sorting-out of neighboring wild-type and PAX77 +/− cells.
A small ectopic ball of retinal cells occurred between the lens and nasal side of the retina in one eye of PAX77 +/− ↔wild-type experimental chimera SCA12 (Fig. 5E ). This chimera had the highest global proportion of PAX77 +/− cells (87%) and the ectopic ball of cells was also mostly PAX77 +/− , but it did contain a few Tg-positive wild-type cells. The presence of both cell types suggests that this is a non-cell-autonomous defect caused by overexpression of Pax6 in PAX77 +/− tissues but further examples are needed to determine whether PAX77 +/− cells are overrepresented. Similar ectopic balls of cells occurred in some nonchimeric, adult, and fetal CD1-PAX77 +/− eyes (Figs. 2T, 3F) but not in the wild-type eyes.
Sorting-Out of PAX77 +/− and Wild-Type Cells in Other Ocular Tissues in Chimeras
In the anterior segment of control chimeras, Tg-positive and -negative cells contributed freely to all tissues and were fairly evenly distributed (Fig. 5F ). In contrast, cells in the developing ciliary bodies were segregated into patches of like genotype in 6 of 16 eyes from experimental PAX77 +/− ↔wild-type chimeras (Figs. 5G-I; Table 2 ). In these cases, the neardistal domain of the neural retina that is fated to become the ciliary body was largely composed of Tg-negative PAX77 +/− cells, but had balls or buds of Tg-positive wild-type cells projecting from the inner edge, facing the lens (Figs. 5H, 5I ). This observation shows that PAX77 +/− cells can contribute to the early stages of ciliary body specification and suggests that Pax6 dosage could modulate cell surface adhesion properties in a cellautonomous way that leads to reduced cell mixing and sorting-out of the cells in chimeras.
Cell segregation in the iris pigment epithelium (IPE) occurred in 6 of 16 eyes from the experimental chimeras (Table 2 ) with PAX77 +/− cells ectopically bulging from a largely wild-type iris pigment epithelium (Fig. 5G) . Balls of PAX77 +/− cells were also occasionally observed in the trabecular meshwork of a few of these eyes, which may indicate segregation on the basis of Pax6 dosage in this tissue too (Fig. 5J ). However, it is possible that these were balls of dislodged PAX77 +/− IPE cells, for which the link to the rest of the IPE had been lost or was not visible.
Segregation of PAX77 +/− and Wild-Type Cells in Nasal Tissues of Chimeras
A clump of serous gland tubules, on each side of the nasal region, expresses Pax6 (Fig. 5K ) and is connected to and forms part of the nasal epithelia. Frequently, in the PAX77 +/− ↔wild-type chimeras, PAX77 −/− cells were segregated to the smaller peripheral tubules, whereas the larger central tubules were very predominantly PAX77 +/− (Fig 5L) .
This segregation is incomplete and could be partly a consequence of clonal growth of the tubules. However, it occurred much more frequently in experimental PAX77 +/− ↔wild-type chimeras (11/16) than control chimeras (1/14), and this difference was highly significant by Fisher's exact test (P = 0.0008). If the two genetically distinct cell populations showed a greater tendency to clump together in larger patches during development of experimental chimeras than in wild-type chimeras, it may cause tubules to develop from cells of a single genotype more frequently. (Figs. 3H, 3I ).
Elevated Contributions of PAX77 +/− Cells to the Lens Epithelium and RPE in Fetal Chimeras
The analysis of chimeras discussed earlier indicates that PAX77 +/− cells contributed to all ocular and nasal tissues that were examined in the experimental PAX77 +/− ↔wild-type chimeras in series SCA and SCB. The qualitative observations showed that, unlike Pax6 +/− cells,14 PAX77 +/− cells were not excluded from the lens epithelium of chimeras by E16.5. Quantitative analysis of four eye tissues was undertaken to test whether PAX77 +/− cells were at least depleted from the lens epithelium of chimeras.
For PAX77 +/− ↔wild-type experimental chimeras in series SCA the PAX77 +/− contributions to specific eye tissues were estimated from the observed corrected percentage of Tgnegative cells (or observed percentage of albino cells for the RPE). This was divided by the contribution expected from the global estimate of the percentage of GPI1-A. Low observed/ expected (corrected percentage of Tg-negative/percentage of GPI1-A) ratios suggest underrepresentation of PAX77 +/− cells in the specific tissue. Observed/expected ratios for four eye tissues from experimental chimeras in series SCA were compared to the equivalent ratios for the control chimeras. The results (Fig. 6) showed that PAX77 +/− cells were not underrepresented in the lens epithelium but were slightly but significantly overrepresented. The mean observed/expected contribution ratio for the lens epithelia in the 14 eyes from experimental SCA chimeras was 1.41 ± 0.14 versus 0.98 ± 0.08 for the 10 control chimeric eyes (P = 0.03). PAX77 +/− cells also showed a small but significant overrepresentation in the RPE (1.52 ± 0.19 vs. 1.03 ± 0.05; P = 0.04). PAX77 +/− cells were neither significantly overrepresented nor underrepresented in the corneal epithelium and corneal stroma. Addition of results for the SCB chimeras made no difference in the conclusions (Fig. 6B ). For chimeras in series SCB, observed contributions were estimated as the corrected percentage of Tg-positive cells or observed percentage of pigmented RPE cells and the expected contribution was estimated as the percentage of GPI1-B. These quantitative results suggest that elevated Pax6 expression in PAX77 +/− cells has a cell-autonomous effect in both the lens epithelium and RPE although, in each case, the effect is small.
Discussion Genetic Background and Stochastic Effects on the PAX77 +/− Phenotype
The original report of elevated Pax6 expression in PAX77 +/− transgenic mice on a wild-type (Pax6 +/+ ) background24 described a variable phenotype that included microphthalmia and other eye abnormalities. We found a similar range of abnormalities but showed that the PAX77 +/− phenotype is critically dependent on the genetic background. Penetrance and expressivity of different phenotypes increased in the order F1-PAX77 +/− < CBA-PAX77 +/− < CD1-PAX77 +/− . Eye mass correlated well with the severity of the morphologic abnormalities and provided a sensitive quantitative measure of both the severity and the variability of the phenotype. Semiquantitative analysis of Pax6 protein levels provided no evidence that the differences in PAX77 eye phenotypes on different genetic backgrounds were caused by differences in Pax6 protein levels in PAX77 +/− eyes. PAX77 +/− eye size was originally described as varying from almost normal to severe microphthalmia.24 but when we obtained CD1-PAX77 +/− mice in 2001, the phenotype was very severe, and no eyes were nearly normal in size. This apparent increase in severity with time may reflect selection for a permissive genetic background, that produces a more consistently severe phenotype, in the outbred CD1 strain as a byproduct of choosing mice with an unambiguous phenotype for breeding. Genetic background affects the penetrance of some homozygous Pax6 −/− phenotypes12 and may also explain the greater range of abnormal eye phenotypes reported for heterozygous Pax6 Sey/+ mice on a CD1 genetic background18 than reported previously for Pax6 Sey/+ heterozygotes. This suggests that the gene pool of the outbred CD1 strain contains alleles of modifier genes that influence the expressivity and penetrance of various abnormal ocular phenotypes in Pax6 Sey/+ or PAX77 +/− mice. Selection for a severe phenotype would then select for combinations of modifier genes that were permissive for many abnormal PAX77 +/− phenotypes.
Within-mouse variation in eye mass was greater on inbred CBA/Ca and outbred CD1 genetic backgrounds than the F1 hybrid background. Genetic differences do not cause this variation directly but could affect the occurrence of stochastic variation. Eye size is, therefore, likely to be affected by three factors: PAX77 +/− genotype, genetic background, and stochastic variation. This finding highlights the importance of standardizing the genetic background of mice when comparing the phenotypic effects of different mutants or transgenes.
Differences between Phenotypes Caused by High and Low Pax6 Expression
Although both Pax6 +/− mice with low Pax6 levels and PAX77 +/− mice with elevated Pax6 expression cause microphthalmia and an overlapping spectrum of other eye abnormalities, there are significant differences in the abnormalities produced by the two genotypes (Table  3) . Abnormalities of CBA-PAX77 +/− corneas are reported in more detail elsewhere.42
Possible Mechanisms Underlying Effects of Pax6 Overexpression in PAX77 +/− Tissues
Absence of Pax6 may either reduce or enhance proliferation, depending on the tissue,25 and the same may be true of overexpression. Indeed, we found PAX77 +/− cells to be overrepresented in the RPE and lens epithelium, whereas PAX77 +/− cells were depleted in some regions of the brain.31 Pax6 overexpression slowed proliferation in rabbit corneal epithelial cells45,46 but increased retinal cell proliferation.47 Reduced cell proliferation may affect eye size and/or corneal diameter. Increased cell proliferation could contribute to the retinal dysplasia in PAX77 +/− eyes and provide a competitive advantage for PAX77 +/− cells in the lens epithelium and/or RPE of PAX77 +/− ↔wild-type chimeras, where PAX77 +/− cells were enriched.
Some PAX77 +/− eye abnormalities may be due to a disruption of the ratio between Pax6 and other factors, with which it interacts to control gene expression.48 However, the extent to which Pax6 protein levels are elevated in each eye tissue is difficult to predict. According to Schedl et al.,24 PAX77 +/− mice have five to six copies of the human PAX6 gene and express the equivalent of 5 to 8 copies of human PAX6 mRNA in both severely and mildly affected eyes. The increase in Pax6 levels in fetal PAX77 +/− lenses was less than predicted from the gene copy numbers. This finding is consistent with those in studies of fetal brain31 and adult cornea42 and probably reflects negative autoregulation of Pax6.31
Alternative splicing49-52 and promoter usage53,54 to produce different isoforms causes another complication. Pax6(5a) contains 14 more amino acids than the predominant Pax6 isoform, which disrupts its ability to bind to DNA. Overexpression of either the Pax6 or Pax6(5a) isoform in different systems has highlighted effects of specific isoforms on gene genotype and among different eye tissues, the consequences for eye development would be difficult to predict.
Cell-Autonomous Effect of Pax6 Overexpression in the PAX77 +/− Lens Epithelium
PAX77 +/− cells showed a small but significant overrepresentation in the lens epithelium, implying that the PAX77 +/− genotype has a cell-autonomous effect. The type of effect differs from that seen in Pax6 +/− ↔wild-type chimeras where Pax6 +/− cells were excluded from the lens epithelium by E16.5.14 The reciprocal cell-autonomous effects of Pax6 +/− and PAX77 +/− in chimeras suggest that the probability of lens epithelial cell survival depends on the level of Pax6 expression. For example, an effect of Pax6 level on differential cell adhesion may explain the chimera observations if cell adhesiveness increased in the order Pax6 +/− < wild-type < PAX77 +/− . If the two populations of lens epithelial cells in chimeras tended to sort out so that less adhesive cells surrounded more adhesive cells,62,63 the less adhesive cells would preferentially move to the periphery and differentiate into fiber cells.
A more direct effect of Pax6 expression on epithelial cell proliferation and/or lens fiber cell differentiation is probably also involved. Fiber cell differentiation is characterized by a decline in Pax6 levels and upregulation of the transcription factor cMaf, which regulates expression of lens crystallins.6,64-67 Overexpression of Pax6 in the lenses of transgenic mice causes low levels of cMaf,58 incomplete fiber elongation, and cataracts. Thus, high Pax6 levels in PAX77 +/− lens epithelial cells could impair or delay their differentiation into fiber cells and explain both the occurrence of apparently undifferentiated lens epithelial cells among lens fibers in PAX77 +/− lenses (Fig. 2Q ) and the enrichment for PAX77 +/− cells in the PAX77 +/− ↔wild-type lens epithelium. The depletion of Pax6 +/− cells from the lens epithelium of Pax6 +/− ↔wild-type chimeras14 could similarly be explained by low Pax6 levels causing early upregulation of cMaf and precocious differentiation of Pax6 +/− lens epithelial cells into fiber cells.
Cell-Autonomous and Nonautonomous Effects of Pax6 in Other PAX77 +/− Eye Tissues
Cell-autonomous effects were implicated by the overrepresentation of PAX77 +/− cells in the RPE and abnormal cell mixing in several other tissues. Normally, Pax6 expression is downregulated in the RPE during fetal development5 but downregulation appears to be delayed in PAX77 +/− eyes (Figs. 4A, 4B ). This delay might increase proliferation of PAX77 +/− RPE cells, resulting in their overrepresentation in chimeras. PAX77 +/− and wildtype cells failed to mix normally in several tissues of PAX77 +/− ↔wild-type chimeras and tended to sort out or form vesicles or buds of cells of a single genotype, which were not seen in control chimeras. This observation implies that differences in Pax6 levels in PAX77 +/− and wild-type cells act cell autonomously to reduce cell mixing between cells of different genotypes, probably by altering expression of cell surface adhesion molecules.
Intrusion of RPE cells into the optic nerve sheath and folding of the neural retina seem to be nonautonomous effects because both wild-type and PAX77 +/− cells were involved. Intrusion of RPE cells into the sheath of the optic nerve has been reported previously in Pax2 −/− embryos68 and the position of the optic cup/optic stalk boundary depends on expression of Pax2 and Pax6, which negatively regulate each other. Overexpression of Pax6 or a delay in its downregulation could cause the optic cup/optic stalk boundary to be displaced proximally. Convoluted overgrowth of retinal tissue occurs in the absence of a lens6,26,30,69-71 and in the presence of a small lens in the aphakia mutant.72 Thus, the retinal overgrowth in fetal PAX77 +/− ↔wild-type chimeras could be secondary to a lens abnormality, but analysis of later stage chimeras may be necessary to demonstrate any correlation.
Differences between Pax6 +/− ↔Wild-Type and PAX77 +/− ↔Wild-Type Chimeras
Overall, PAX77 +/− ↔wild-type chimeras were less severely affected than homozygous Pax6 −/− ↔wild-type chimeras26-28 but had more abnormalities than Pax6 +/− ↔wild-type chimeras14 (Table 4 ). The only effect seen in our Pax6 +/− ↔wild-type chimeras was a cellautonomous exclusion of Pax6 +/− cells in the lens epithelium by E16.5, producing an almost entirely wild-type lens. As suggested previously,14 normalization of the lens genotype may have secondary effects elsewhere in the eye so that no morphologic abnormalities or nonautonomous effects of the Pax6 +/− genotype were apparent. In contrast, PAX77 +/− cells were overrepresented in the lens epithelia of PAX77 +/− ↔wild-type chimeras, and these chimeras showed several morphologic abnormalities as well as other cell-autonomous and nonautonomous effects (Table 4) .
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